We studied the influence of elevated atmospheric CO 2 concentration ([CO 2 ]) on the vacuolar storage pool of nitrogen-containing compounds and on the glycogen pool in the hyphal sheath of Amanita muscaria (L. ex Fr.) Hooker-Picea abies L. Karst. mycorrhizae grown with two concentrations of ammonium in the substrate. Mycorrhizal seedlings were grown in petri dishes on agar containing 5.3 or 53 mg N l -1 and exposed to 350 or 700 µl CO 2 l -1 for 5 or 7 weeks, respectively. Numbers and area of nitrogen-containing bodies in the vacuoles of the mycorrhizal fungus were determined by light microscopy linked to an image analysis system. The relative concentration of nitrogen in the vacuolar bodies was measured by electron energy loss spectroscopy (EELS). Glycogen stored in the cytosol was determined at the ultrastructural level by image analysis after staining the sections (PATAg test). Shoot dry weight, net photosynthesis and relative amounts of N in vacuolar bodies were greater at the higher N and CO 2 concentrations. The numbers and areas of vacuolar N-containing bodies were significantly greater at the higher N concentration only at ambient [CO 2 ]. In the same treatment the percentage of hyphae containing glycogen declined to nearly zero. We conclude that, in the high N/low [CO 2 ] treatment, the mycorrhizal fungus had an insufficient carbohydrate supply, partly because of increased amino acid synthesis by the non-mycorrhizal rootlets. When [CO 2 ] was increased, the equilibrium between storage of glycogen and N-containing compounds was reestablished.
Introduction
A long-term increment in the biomass of coniferous forests is expected in response to elevated atmospheric [CO 2 ] (see review by Saxe et al. 1998) . Stimulation of photosynthesis and plant growth has been demonstrated for many plant species (Ceulemans and Mousseau 1994) . Tree-soil interactions, however, may alter growth responses to elevated [CO 2 ], particularly in ectomycorrhizal trees. Ectomycorrhizae exhibit a high sink strength for carbohydrates (Hampp et al. 1994 . The increase in tree biomass in response to elevated [CO 2 ] may be much less than expected from the photosynthetic response, because of the carbon drain by the ectomycorrhizal fungi (Wang et al. 1998) . Carbon skeletons are needed not only for root and fungal growth and belowground energy supply, but also for synthesis of glycogen, amino acids and proteins that are temporarily stored in the mycorrhizal sheath, Hartig net and external mycelia (Finlay et al. 1989 , Franz and Acker 1995 , Kottke et al. 1995 . In temperate and boreal forests, storage pools in mycorrhizae may be important for tree survival during periods of low nitrogen availability and assimilate supply.
Although glycogen in the mycorrhizal tissues has been frequently observed (e.g., Pargney and Prévost 1996) , systematic investigations of the storage pool are scarce. Jordy et al. (1998) , in a study of Paxillus involutus (Batsch) Fr.-Betula pendula Roth. mycorrhizae, demonstrated a change in glycogen distribution during the early stages of mycorrhizal formation. After 2 days of contact, there were only a few glycogen grains in the hyphae surrounding the root. After 6 days, large amounts of glycogen were found in the para-epidermal Hartig net, inner sheath and outer sheath. Later, glycogen deposition was restricted to the outer part of the hyphal sheath at some distance from the root tip. Jordy et al. (1998) suggested that variation in glycogen distribution is correlated with the requirements for carbohydrates by the fungus.
Decline of the glycogen pool was observed in mycorrhizae of Cenococcum geophilum Fr.-Pinus sylvestris L. exposed to high levels of nitrogen in pot experiments or in proximity to a pulp mill. In the same samples, accumulation of large, electron-dense compounds in the fungal vacuoles was observed Heinonen-Tanski 1993, Holopainen et al. 1996) . Similar vacuolar compounds were investigated by means of electron energy-loss spectroscopy (EELS), which showed relatively high concentrations of nitrogen (Turnau et al. 1993 , Kottke et al. 1995 ). The amounts of N-containing material in the vacuoles rose following nitrogen fertilization (Kottke et al. 1995 . Use of gold-labeled monoclonal antibodies against glutamine and glutamate revealed compartmentalization of amino acids in the electron-dense, vacuolar bodies of the free-living mycelia of Paxillus involutus (Chalot and Brun 1998) and of the hyphal sheath and Hartig net in Xerocomus badius (Fr.) Kuehn ex Gilb.-Picea abies (L.) Karst. mycorrhizae (Beckmann 1998) . Several studies indicate that amino acids can be deposited in fungal vacuoles (Dürr et al. 1979 , Cramer and Davis 1984 , Miller 1984 . We hypothesize that ectomycorrhizal fungi, sequestering ammonia into amino acids, store the surplus in the vacuole. The vacuolar N-storage pool may increase while glycogen storage declines when N availability is high, but carbon supply is limited. If so, the effect should be counterbalanced by an increased CO2 supply. In this study we present data that support this assumption.
Materials and methods

In vitro mycorrhiza formation
Seeds of Picea abies were surface-sterilized for 15 min in 30% H 2 O 2 , germinated on agar plates and grown for 4 weeks until the cotyledons were well developed. Amanita muscaria (L. ex Fr.) Hooker (strain CS 83, Hampp) was pre-cultured for 3 weeks on modified MMN medium on agar plates (0.05 g CaCl 2 , 0.025 g NaCl, 0.5 g KH 2 PO 4 , 0.25 g (NH 4 ) 2 HPO 4 , 0.1 g MgSO 4 ⋅ 7H 2 O, 0.5 mg FeCl 3 ⋅ 6H 2 O, 100 µg thiamine hydrochloride, 1 g casein hydrolysate, 10 g glucose monohydrate, 5 g malt extract and 10 ml stock solution of trace elements in a total volume of 1 dm 3 ; after the method of Fortin and Piché (1979) ). Inoculum was also prepared in suspension culture derived by homogenization for 10 s at 8000 rpm with an Ultra Turrax T25 (IKA-Werke GmbH & Co. KG, Staufen, Germany) in liquid medium (half strength MMN).
Culture of mycorrhizae was carried out by a slightly modified technique of Wong and Fortin (1989) , as described in detail in Kottke (1997) . Fungal inoculum was added either as plugs taken from the agar cultures or as 1-ml aliquots of the fungal suspension culture .
Two experiments were conducted. In the first, the seedlings were placed in petri dishes containing modified MMN medium without sugars or casein and only 1/10 of the original P and N amounts. Three plugs of inoculum taken from the edge of the pre-culture were placed on top of the nylon sheet close to the root. In the second experiment, the seedlings were placed on full strength MMN medium without sugars or casein. The inoculum was taken from the liquid culture. The concentration of ammonia in the medium corresponded to 5.3 mg N l -1 (low N) in the first and 53 mg N l -1 (high N) in the second experiment. Previous experiments had yielded well-developed mycorrhizae of exactly the same appearance at both nitrogen concentrations , Kottke 1997 Plants were harvested after 5 weeks of incubation in the first experiment and 7 weeks in the second experiment. The prolonged exposure time in the second experiment was employed in order to obtain larger shoots for biochemical analysis.
Net assimilation rate
Net assimilation rate was determined by measuring CO 2 gas exchange of the shoots of intact plants shortly before harvest with an open system consisting of a CO 2 /H 2 O-porometer with a temperature-controlled cuvette (Heinz Walz GmbH, Effeltrich, Germany) in combination with a Binos 100 infrared gas analyzer (Rosemount GmbH & Co., Hanau, Germany). The measurements were carried out inside the climate chamber at the growth [CO 2 ] of 350 µl CO 2 l -1 or 700 µl CO 2 l -1 at 24°C. For technical reasons, photosynthetically active radiation during measurement was 100 µmol m -2 s -1 . Ten seedlings per treatment were measured.
In order to avoid artificial fluctuation in chamber [CO2] caused by human respiration, gas masks with separate air supplies were used by the experimentors. The rate of net photosynthesis per needle area was calculated according to von Caemmerer and Farquhar (1981) with the Diagas software package (Heinz Walz GmbH).
After determination of photosynthetic rates, the seedlings were frozen in liquid nitrogen and lyophilized. The freezedried material was stored under vacuum at -20°C. Shoot dry weight was obtained from this material. Needle area of dried needles was measured with a leaf area meter (Delta-T Devices Ltd., Cambridge, U.K.).
Light and transmission electron microscopy
Mycorrhizae of one seedling of each treatment were fixed in 2.5% glutaraldehyde in HEPES buffer (pH 7), post-fixed in 1% osmium tetroxide and flat embedded in ERL resin using acetone for dehydration (Kottke and Oberwinkler 1988) . Five mycorrhizae of one plant of the low N/low [CO 2 ], low N/high [CO 2 ] and high N/high [CO 2 ] treatments, and 10 mycorrhizae of the high N/low [CO 2 ] treatment were analyzed for their glycogen and N pools. Semi-thin, longitudinal sections of the embedded mycorrhizae were stained with crystal violet to visualize the N-containing bodies in the fungal vacuoles. The proximal part of the hyphal sheath containing the vacuolar N-bodies was selected for ultrathin sectioning. Sections (70 nm) were transferred to Formvar (polyvinyl formal)-cov-ered copper blends and stained with uranyl acetate/lead citrate.
PATAg stain for polysaccharides
Glycogen can be observed by transmission electron microscopy (TEM) as rosette-shaped aggregations of small grains in the fungal cytosol of sections stained with periodic acid:thiocarbohydrazide:silver proteinate (PATAg test; Thiéry 1967 ). Sections about 100 nm thick on gold grids were dipped in periodic acid (1%) for 30 min, washed thoroughly in double distilled water and exposed to thiocarbohydrazide (0.2% in 20% acetic acid) for 5 h. Sections were then transferred to double distilled water by passage through a diluted acetic acid series (20, 15, 10, 5, 2.5 and 0%; 5 min for each step). After washing three times in double distilled water, the sections were stained with silver proteinate (1%) for 30 min in the dark, washed thoroughly and dried.
Determination of storage of glycogen rosettes and N-containing bodies in the mycorrhizal tissues by image analysis
Numbers of N-containing bodies and the percent of vacuolar area that they occupied were determined by means of an image analyzer and light microscope (Image-Pro Plus Version 3.0 for Windows, Media Cybernetics, Silver Spring, MD), measuring the whole median, longitudinal section through the mycorrhiza.
The percentage of hyphal cells containing glycogen and the density of glycogen granules in the cytosol, as revealed by the PATAg staining, were determined by use of a transmission electron microscope (TEM) (LEO 906, LEO Electron Microscopy Ltd., Cambridge, U.K.) connected to an image analyzer (analySIS Version 2.1; SIS-Soft-Imaging, Münster, Germany). The relative areas of the cytosol and vacuoles in the hyphal cells were also measured.
Measurements of relative amounts of N by EEL-spectroscopy
Sections 40-nm thick were analyzed without further treatment by means of electron energy loss spectroscopy (EELS) connected to the TEM902 microscope (Carl Zeiss, Inc., Thornwood, NY). The relative N concentration of the electrondense, vacuolar bodies was measured by calculating the peak area of the K edge (401.6 eV loss). Details of measurements and quantification were given in Kottke et al. (1995) .
Statistics
Exploratory evaluation of results was undertaken by means of box-and whisker plots (SPSS Version 7.5 for Windows). The Student t-test was used to identify significant differences in shoot dry weight, net photosynthesis and glycogen deposition. Data concerning the N-containing storage pools were treated by one-way analysis of variance (ANOVA, SPSS Version 7.5). Despite differences in inoculation method and the length of cultivation, we considered it appropriate to compare mycorrhizae in the two experiments. Mycorrhizal development in seedlings is a slow and asynchronous process; therefore, a 2-week difference in length of cultivation was not considered significant.
Results
Shoot dry weight and net assimilation rate
Plant growth was significantly stimulated by elevated [CO 2 ] in both N treatments. Elevated [CO 2 ] increased shoot dry weight by 50% at the low and 40% at the high N concentration compared with seedlings at ambient [CO 2 ] (Figures 1A and 1B) . Net photosynthetic rate was increased by 55% at the low and by 40% at the high N concentration when [CO 2 ] was doubled ( Figures 1C and 1D ). Shoot dry weight and net photosynthesis of the seedlings in the high N treatment was about twice those of the low N treatment (Figure 1 ).
Developmental state of mycorrhizae
Only a loose hyphal weft or a thin hyphal sheath and no Hartig net was observed in the mycorrhizae of the low N/low [CO 2 ] and the high N/high [CO 2 ] treatments (Table 1 ). The hyphal sheath and the Hartig net were well developed in the low N/high [CO 2 ] and the high N/low [CO 2 ] treatments (Figure 2 ). Only very slight developmental differences were observed between mycorrhizal tips from the same treatment.
The fungal cells showed significantly greater vacuolization in the high N/low [CO2] treatment compared with the other treatments ( Table 1) .
Storage of glycogen
The PATAg test revealed the presence of glycogen within the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com fungal cytoplasm (Figure 3 ). There were several mycorrhizae in the high N/low [CO 2 ] treatment that lacked glycogen (Figure 4 ). There were no significant differences in the quantity of glycogen granules between the inner and outer parts of the hyphal sheath, although the outermost hyphae were frequently devoid of glycogen ( Figure 5 ). The percentage of fungal cells containing glycogen was significantly lower in the high N/low [CO 2 ] treatment, but was more or less equal in the other treatments ( Figure 6A ). Similar results were obtained by calculating the density of glycogen in the cytosol ( Table 2) .
Storage of N-containing bodies in the fungal vacuoles
The presence of N-containing bodies in the fungal vacuoles was observed in all samples. The local distribution of the bodies was influenced by the developmental state of the mycorrhizae. High frequencies of bodies in the fungus was associated with moribund cortical cells that were present in the proximal part of the mycorrhizae (Figure 2 ). Actively growing hyphae at the mycorrhizal apex or on the surface of the sheath appeared without nitrogen bodies ( Figure 5 ). The appearance of the bodies varied from circular or crystalloid to more diffuse or flocculent. The vacuoles were often completely filled with these bodies. The high N/low [CO 2 ] treatment resulted in the formation of numerous but small electron-dense bodies (Figures 4 and 6B) .
The numbers of N-containing bodies were significantly increased in the high N/low [CO2] treatment compared with the other treatments ( Figure 6B ). The relative concentration of nitrogen in the bodies, as measured by EELS, was significantly greater in the high ammonium treatment than in the low am-96 TURNAU, BERGER, LOEWE, EINIG, HAMPP, CHALOT, DIZENGREMEL AND KOTTKE TREE PHYSIOLOGY VOLUME 21, 2001 monium treatment ( Figure 6C ). Doubling [CO 2 ] increased the concentration of nitrogen in the bodies further, but the increase was not significant ( Figure 6C ). The largest area of N-containing bodies was found in the high N/low [CO2] treatment ( Figure 6D ). Elevated [CO 2 ] decreased the area of the bodies significantly, but ammonium had no significant influence ( Figure 6D) .
By multiplying the concentration of N, calculated from the EEL-spectroscopic measurements, by the area of the bodies, mycorrhizae in the high N/low [CO2] treatment were shown to exhibit the largest N-storage pool, followed by those in the high N/high [CO2] treatment, whereas the lowest amounts of N storage were found in the low N/high [CO2] treatment (Table 2).
Discussion
In our short-term experiments with mycorrhizal Picea abies seedlings in axenic culture, elevated [CO 2 ] stimulated net photosynthesis and increased shoot dry weight by similar amounts. This observation differs from previous findings on mycorrhizal birch trees grown in elevated [CO 2 ] for 4 years in forest soil, where net leaf photosynthesis was increased by 110% and biomass by only 59% (Wang et al. 1998) . The difference in results between the two experiments may be a result of the different culture conditions. Loss of carbohydrates from associated mycorrhizae or microbes may be much higher in potted trees than in axenic cultures, because the rate of mycorrhizal formation was low in the latter treatment.
The 10 plants selected from within each treatment to measure photosynthesis were more or less equal in size, rate of mycorrhiza formation and mycorrhizal development stage. The mycorrhizae of the single plants selected from each treatment for the TEM studies were, therefore, considered to be representative of the sample group. The small quantities of material used would invalidate measurements of plant C/N budgets; therefore, we studied only the interaction of N and C supply with the storage pools in mycorrhizae at the cellular level. The interaction of N and carbohydrate supply for N incorporation into the fungal tissues of mycorrhizae has been widely studied by physiological and biochemical approaches (France and Reid 1983 , Finlay et al. 1989 , Wallander and Nylund 1991 , Wallander 1992 , Chalot and Brun 1998 . The vacuolar storage pool and cytosolic glycogen were, however, not considered in these studies. Only microscopy, as applied in this study, allows the identification, localization and quantification of the two compounds in mycorrhizae. A potential weakness of this type of study is the small number of samples that can be assessed within a reasonable amount of time. However, the results are significant enough to warrant further studies on a larger scale.
The high ammonium concentration in the high-N medium did not impede mycorrhizal development. mycorrhizae after high-N application. We observed penetration of the fungal sheath in the high-N treatment only at elevated [CO 2 ]. These observations point to complex interactions of shoot and root growth and mycorrhizal development that remain to be elucidated. The slight differences in the developmental state of mycorrhizae, however, did not influence storage pools in the hyphal sheath of the mycorrhizae. The differences in storage of glycogen and N-containing vacuolar bodies were clearly linked to the treatments. This conclusion was supported by enzymatic determination of both starch and glycogen in the mycorrhizae of the other nine plantlets and the short roots of non-mycorrhizal plants in the high-N treatment. There was insufficient plant material to perform these measurements for the low-N treatment. Mycorrhizae in the high-N treatment showed a doubling of α-1-4-bound glycosyl units at high [CO 2] (48 nmol mg -1 dry weight at low [CO 2 ] to 90 nmol mg -1 dry weight at high [CO 2]), whereas the starch pools in short roots of uninoculated control plants remained constant. Assuming the same for starch pools in mycorrhizae, this indicates a higher glycogen pool at elevated [CO 2 ]. The TEM studies revealed that in the high N/low [CO 2] treatment, the glycogen pool was reduced in comparison with the other treatments.
Equally large amounts of glycogen and N-containing bodies were found in the low N/low [CO 2], low N/high [CO2] and high N/high [CO 2] treatments. This indicates a stable glycogen storage pool in mycorrhizae and a limited deposition of N compounds in the vacuoles across a broad range of treatments. However, storage of N in vacuolar bodies increased significantly in the high N/low [CO 2] treatment in conjunction with the highest degree of vacuolation and the lowest amounts of glycogen in the fungal hyphae, indicating that hyphae were short of carbohydrates in the high N/low [CO 2 ] treatment. Carbohydrate skeletons are needed to incorporate available ammonia into amino acids. The non-mycorrhizal rootlets also assimilated ammonia (not shown), thus reducing the amounts of carbohydrates available for mycorrhizae (Wallander and Nylund 1991, Gessler et al. 1998) . Low quantities of carbohydrates were left for glycogen storage in the high N/low [CO2] treatment. After doubling the [CO 2 ], photosynthesis and sucrose transport to roots increased (Loewe 1998 , Loewe et al. 2000 , reestablishing storage of glycogen. Wallenda (1996) found no changes in the glycogen storage pool of mycelia of Amanita muscaria when exposed to similar amounts of N as used in our studies. In this case, however, mycelia were grown in liquid culture with a non-limiting glucose supply. After depletion of glucose over a 25-h period, the intermediate storage pool of soluble carbohydrates, primarily trehalose, was consumed, whereas glycogen was unused. Thus it appears that glycogen is mobilized only when other carbohydrate sources are no longer available. No influence of N availability on the pools of soluble carbohydrates on mycorrhizal and non-mycorrhizal rootlets of Pinus sylvestris was found by Wallander and Nylund (1991) . However, the plants in Wallander and Nylund's experiment had been precultured under conditions allowing accumulation of an internal carbohydrate pool, and the insoluble storage pools were not considered in this study.
The stimulated growth of seedlings at elevated [CO 2] increased the demand for nitrogen, reducing the potential for vacuolar N storage. Thus, increased [CO2] not only stimulated net photosynthesis and plant growth, as has been shown for many plant species (Ceulemans and Mousseau 1994) , but also lowered the N reserves in the fungal tissues. Elevated [CO2] improved growth by making use of the nitrogen storage pool in the mycorrhizae. Our measurements of the protein contents of needles indicated that plants in both N treatments were N limited when exposed to elevated [CO2] (A. Loewe, Eberhard-Karls Universität, Tübingen, Germany, unpublished observations).
In conclusion, observations on the glycogen pool and the N-containing bodies in the fungal vacuoles, studied by means of light-and transmission electron microscopy, provide a sensitive measure of nitrogen and carbohydrate surplus or limitation in mycorrhizae. The high N/low [CO2] treatment (53 mg N l -1 , ambient [CO2]) was unfavorable for growth of mycorrhizae of A. muscaria-P. abies. Lack of glycogen, surplus of nitrogen compounds and a high vacuolization of the mycorrhizas indicated that the frequently used MMN medium may be too rich in ammonium. Low quantities of glycogen and large numbers of vacuolar bodies were found in mycorrhizae of Scots pine (Pinus sylvestris) from field samples near a pulp mill (Holopainen et al. 1996) . This indicates a possible effect of high-N input on the glycogen pool under field conditions. These results indicate that high concentrations of N do not affect mycorrhizal development directly, but disturb maintenance indirectly through the consumption of carbohydrates for amino acid synthesis. Low quantities of glycogen in the mycorrhizal tissues may be a disadvantage under stress conditions, e.g., drought. Niederer et al. (1992) found that frost and drought resistance of mycorrhizae were related to trehalose content. Trehalose can be formed from glycogen. Carbohydrate limitation at high N availability may also be responsible for the low fine root production and low incidence of mycorrhizae frequently reported in the literature (see review by Wallenda and Kottke 1998) .
